Abstract-Elevated concentrations of Se have been detected in cold, flowing water habitats near uranium and coal mines in Canada. Fish from these systems have concentrations of Se in their tissues that exceed toxic effect thresholds that have been established for warm-water fishes. However, the applicability of toxic effect thresholds and guidelines to cold water, lotic habitats is a matter of contention in the literature since most cases of Se toxicosis have been documented in standing, warm-water systems. To examine the possibility of impaired reproduction in wild rainbow trout (Oncorhynchus mykiss) and brook trout (Salvelinus fontinalis) near coal mining activity in the northeastern slopes region of Alberta, Canada, spawn from both species were collected from exposure and reference sites. Gametes were fertilized in the laboratory, reared to the swim-up stage, and examined for deformities. A significant relationship was observed for rainbow trout between the amount of Se in eggs and the incidence of developmental abnormalities, specifically craniofacial defects, skeletal deformities, and edema. These associations approximate exponential functions with probabilities that 15% of the population would be affected occurring between 8.8 and 10.5 g Se per gram of wet egg weight, based on probit analysis. These relationships are similar to those described for centrarchids inhabiting a seleniferous warmwater lake. No such relationships were established for brook trout.
INTRODUCTION
The potential for selenium (Se) contamination of aquatic ecosystems due to anthropogenic activities has been recognized for over two decades [1] . However, to date almost all reported cases of Se poisoning in natural fish populations have been obtained from standing, warm-water habitats. Consequently, the applicability of toxic effect thresholds and guidelines developed from these systems to cold, flowing water habitats is a matter of contention in the literature [2] [3] [4] [5] [6] .
Recently, elevated Se levels have been detected in cold, flowing water habitats downstream from uranium [7] and coal [5, 8, 9] mining activity in Canada. Fish from these systems have concentrations of Se in their tissues that exceed toxic effect thresholds that have been established for warm-water fishes [1] , but to date, no effects have been reported. A study by Kennedy et al. [5] examined deformities in the larvae of cutthroat trout from a cold-water system with elevated Se. They did not observe any differences in the rates of deformities in the progeny of the cutthroat trout that could be attributed to Se and concluded that the absence of toxic responses may be the result of an evolved Se tolerance in this population. Extrapolating the results from this one study for assessing risk to other species is tenuous. Moreover, the results of this paper have been criticized on the basis of the methodologies employed and interpretation of the data [10] .
The conclusion that salmonid fishes are more tolerant to the effects of Se than their warm-water counterparts is of concern because of a reclamation strategy employed and proposed for further use by coal mining companies in the northeastern * To whom correspondence may be addressed (palacev@dfo-mpo.gc.ca).
slopes region of Alberta, Canada. Specifically, coal mining companies in the region have proposed to develop ''end pit lakes'' following mine pit closure. These lakes are created when surface pits are allowed to fill with water once mining is completed. A problem arises because the physical and geochemical characteristics of pit lakes may potentiate the mobility of Se and its entry into aquatic food webs [11] . Although Se concentrations in some of these end pit lakes and at other downstream sites have been found to exceed water quality guidelines in Alberta, no assessment has been made of the potential adverse effects in fish populations in these systems [12] . The objective of this study was to determine if exposure to elevated levels of Se results in teratogenesis in the progeny of two salmonid species.
MATERIALS AND METHODS

Sites and fish collection
Spawning rainbow trout (Oncorhynchus mykiss) and brook trout (Salvelinus fontinalis) were collected over three consecutive years (2000) (2001) (2002) from the northeastern slopes region of Alberta near Jasper, Canada. In June 2000, rainbow trout were collected from Luscar Creek (higher Se site) and Deerlick Creek (reference site) and brook trout in October 2000 from Luscar Creek and Cold Creek (reference site). Two additional sites were added in 2001 and 2002: Gregg River (intermediate Se site) and Wampus Creek (additional reference site for rainbow trout only), both of which are also in the immediate study area. Selected water chemistry data for the 2000-2002 study sites appear in Table 1 . For rainbow trout, collection of spawning adults began in the spring (May/June) when daily maximum water temperatures reached 6ЊC, while for brook trout, collections began in the fall (October) when minimum water temperatures reached 3ЊC. Ripe and running male and female trout were collected using a Smith-Root type VII backpack electrofisher (Vancouver, WA, USA). Fish were netted, separated by sex, and held in cages at the site of capture for Ͻ24 h before sampling. At sampling, fish were individually anesthetized with 0.15 g/L MS-222 (tricaine methane sulfonate; Sigma Chemical, St. Louis, MO, USA) until they developed loss of equilibrium and slowed opercular movement (ϳ3 min). Each fish was then blotted dry, weighed, and measured. Condition factor (K) was calculated using the formula [body wt (g)]/[fork length 3 (cm)]·100. After thoroughly drying the area surrounding the urogenital opening, eggs or milt were expressed by light pressure on the abdomen. Eggs or milt not readily expressed with light pressure (i.e., underripe) or where evidence of prior spawning was detected (i.e., blood) were discarded. Gametes from each fish were transported on ice in separate, sealed plastic bags filled with oxygen and protected from light.
In 2000, fish were sacrificed, and a muscle sample was taken posterior to the opercular bone anterior to the dorsal fin and above the lateral line. To limit potential impacts to already declining populations, fish were not sacrificed after gametes were stripped in subsequent years. Egg subsamples were taken for Se analysis in all three years. All tissues were frozen until analyzed.
Tissue Se determination
Concentrations of Se in egg and muscle tissues were determined using an inductively coupled plasma/mass spectrometry (ICP-MS) method described by Feng et al. [13] and an analytical detection limit of 0.4 g/g. Because several other elements are known to affect the availability and toxicity of Se [10 and references therein], concentrations of Al, Sb, Ba, Be, Bi, B, Cd, Ca, Cr, Co, Cu, Fe, Pb, Li, Mg, Mn, Hg, Mo, Ni, Ag, Sr, Tl, Th, Sn, Ti, U, V, and Zn were also measured (for rainbow trout collected in 2000, only As, Ca, Cd, Hg, Pb, Se, and Zn were analyzed). All metal and metalloid analyses were performed at the Alberta Research Council's certified laboratory in Vegreville (AB, Canada) using protocols with quality assurance and quality controls incorporated as described by Feng et al. [13] . Correlation analysis was used to evaluate relationships between muscle Se concentrations and egg Se concentrations (SPSS, Chicago, IL, USA). Because the fish populations used for these studies were relatively small and potentially sensitive to repeated lethal sampling, only a subsample of the fish that were used for more detailed reproductive studies were sacrificed. These subsamples of fish in which muscle and egg concentrations of Se were determined were used for the regressions shown in Figure 1 . Selenium concentrations in tissues are reported on a wet-weight basis. Selenium concentrations in eggs expressed on a wet-weight basis can be converted to approximate dry-weight concentra- tions based on previous reports that rainbow trout eggs contain 61% moisture [14] . Where this calculation is used in the discussion, concentrations are reported as calculated wet weight.
Egg and larval rearing
After transportation from Alberta to the Freshwater Institute laboratory in Winnipeg (MB, Canada) (Ͻ24 h), eggs from each female were fertilized with a consistent volume (10 l/50 ml) of composite milt derived from three to five males captured at the same site. Eggs were combined with the milt in a stainless-steel bowl by gentle mixing with the tip of a sterilized goose feather. After standing for 60 s, the eggs and milt were covered with dechlorinated Winnipeg City tap water (ϳ100 ml; see water chemistry in Table 1 ) and gently swirled for 3 min. An additional 500 ml of water were then added, and the eggs were allowed to water harden for a further 5 min. The eggs were then placed in vertical Heath tray-type incubators (Marisource, Milton, WA, USA). The eggs from each female were assigned randomly to one of four trays, each with 12 compartments. Weekly monitoring of water in trays showed no significant differences in temperature, dissolved oxygen saturation, or Se concentration (data not shown). Eggs were incubated at 8 Ϯ 0.8ЊC and received 6 L water per minute except in 2001, when rainbow trout eggs were incubated at 5 Ϯ 0.6ЊC to more closely approximate the ambient temperature of the streams from which the adult rainbow trout were captured. Dead eggs and fry were removed daily and preserved in Davidson's solution. At swim-up, when fry had absorbed almost all the egg yolk and had begun exogenous feeding, fry were sacrificed with an overdose of tricaine methanesulfonate (MS-222, 0.25 g/L) and preserved in Davidson's solution.
Percent fertilization was calculated by dividing the number of fertilized eggs (embryos) by the total number of eggs. Eggs that died before hatch were considered fertilized when visual inspection revealed signs of cleavage. Mortality was calculated based on the number of dead embryos or fry removed until the swim-up stage compared to the total number of fertilized eggs.
Assessment of morphological deformities in larvae
All preserved fry that survived to the swim-up stage were examined using a dissection microscope for gross external malformations. Abnormalities were recorded in four categories as previously described [15] : craniofacial, skeletal, finfold, and edema. Skeletal deformities included kyphosis (convex curvature of the thoracic region of the spine), lordosis (concave curvature of the lumbar region of the spine), and scoliosis (lateral curvature of the spine) as well as stunting of the trunk or tail. Craniofacial defects included reduction or absence of the jaws and ocular deformities such as noticeably reduced eye diameter (microphthalmia) or pigment irregularities as well as asymmetry. Finfold defects included a noticeable reduction in thickness or absence of a fin. Edema included accumulation of body fluid in the region of the yolk sac, pericardium, or head. To account for differences in spawn sizes between individual females, counts for each category were converted into percentages based on the total number of preserved fry obtained from each female.
Fry length was quantified by taking the mean lengths of 10 randomly selected fry per female with a dissecting microscope. Fry weight was calculated by finding the average weight of 50 randomly selected fry from each female, weighed 10 at a time on a four-place analytical balance.
Statistical analysis
All statistical analyses were conducted with SAS Version 8.0 (Cary, NC, USA). Because the data were not normally distributed, differences in adult female, egg, and larval endpoints among sites were analyzed by analysis of variance of ranked data (Kruskal-Wallis) followed by Dunnett's t test on the ranked data. In addition, the relationships between Se accumulation in eggs and teratogenesis were analyzed by probit analyses. Specifically, for a given level of Se in eggs, the probability of a teratogenic response is modeled as p ϭ 10 [Se]) where p is the probability of a response, ␤ is a vector of parameter estimates, F is the cumulative distribution function, C is the natural (threshold) response rate, and [Se] is the concentration of selenium in the eggs. Estimators of b 1 were statistically significant in all cases. An alpha value of 0.05 was used for all statistical analyses.
RESULTS
Adult characteristics
No significant differences in mean length or weight were found in female rainbow trout from any of the sites (Table 2) . Luscar Creek rainbow trout had significantly higher condition factors than trout captured at Deerlick Creek (p ϭ 0.003). Brook trout sampled from Luscar Creek were heavier and had higher condition than fish captured at Cold Creek (p Ͻ 0.001; Table 3 ).
Significantly higher average concentrations of Se were found in the eggs of rainbow trout (9.9 g/g) and brook trout (7.8 g/g) captured at Luscar Creek than at the reference sites (Ͻ4 g/g; p Ͻ 0.001; Tables 2 and 3 , respectively). Correspondingly, the mean axial muscle Se concentration of both species were higher in fish captured at Luscar Creek (1.5 and 3.8 g/g) compared to reference fish (Ͻ1 g/g; p Ͻ 0.001). Brook trout eggs from the intermediate exposure site, the Gregg River, were also significantly elevated in Se compared to reference values (p Ͻ 0.001). Selenium in eggs was positively correlated to Se in muscle tissue for both rainbow trout (r ϭ 0.864; p ϭ 0.012) and brook trout (r ϭ 0.954; p Ͻ 0.001; Fig. 1 ) based on a subsample of fish where both tissues were analyzed. Of interest, the slope of the brook trout correlation was steeper than that for rainbow trout, indicating that rainbow trout accumulated higher concentrations of Se in eggs at lower muscle burdens than did brook trout. Regression analysis showed no significant relationship between the weight of females and the concentration of Se in their eggs.
The concentrations of elements, other than Se, in the eggs of rainbow trout and brook trout are shown in Tables 4 and  5 , respectively. Strontium (Sr) was the only element that was significantly elevated in the eggs of both species collected from Luscar Creek compared to other sites. A few other trace elements had significant site-specific differences in rainbow or brook trout but were not consistently different in the two species at the same sites. The potential for other elements to antagonize or potentiate the toxicity of Se has been discussed elsewhere [10] .
Embryo-larval characteristics
The average rate of fertilization for both rainbow trout and brook trout was greater than 75% at each site (Tables 6 and   7 ). Fertilization was not significantly different among sites for both species. Mortality rates of embryos of both species were also similar between all sites. The average mortality rate of rainbow trout embryos at each site (18-37%) was higher than that of brook trout (Ͻ7%).
The occurrence of terata in rainbow trout larvae was related to the location of capture of parental fish (Table 6) . A significantly higher proportion of craniofacial defects and edema were found to occur in larvae from Luscar Creek compared to Deerlick Creek (p ϭ 0.008 and 0.025, respectively). In most cases, edema appeared as fluid surrounding the yolk sac or heart and was often associated with hemorrhaging and spinal curvatures. Edematous fry were often shorter and had used less of their yolk than fry that had not developed edema at the time of sampling. In addition, fluid accumulated in the head, often resulting in a spreading of the cranial features. The mean percentage of skeletal defects (25%) was double in larvae from Luscar Creek than from any other site (Ͻ10%), but because of variability between females, no statistically significant differences were detected. The most frequent type of skeletal abnormality was a concave curvature of the spine. In contrast, a significantly higher incidence of finfold deformities was observed in larvae from Wampus Creek than the other reference site (p ϭ 0.015). Almost all these deformities were attributable to differences in fin thickness at the Wampus site.
Rainbow trout larvae were of similar length at all sites, but the larvae of trout captured at Luscar Creek were significantly heavier than those from Deerlick Creek (p ϭ 0.021). Sitespecific differences in larval deformity rates were observed for brook trout in only one category of terata ( Table 7) . The incidence of craniofacial defects was approximately fourfold higher in larvae from Luscar Creek (7.9%) compared to the reference site (2.1%; p ϭ 0.004). Craniofacial defects consisted primarily of shortened or misshapen jaws followed by eye defects. Brook trout larvae from the reference site were significantly longer and heavier than larvae from Luscar Creek (p ϭ 0.003 and 0.013, respectively).
A residue-response relationship was observed for rainbow trout between the concentration of Se in eggs and the prevalence of terata (Fig. 2) . Statistically significant relationships between egg Se and edema, craniofacial defects, and skeletal defects approximated exponential functions. In addition to evaluating the pooled data from all three years of the study, the data from each of the years of the studies were examined using the same probit analysis procedures. Significant rela- Table 7 
a Means labeled with letters are significantly different than the same parameter mean for Luscar Creek based on analysis of variance of ranked data (Kruskal-Wallis) followed by Dunnett's t test on the ranked data (␣ ϭ 0.05). , the probit analysis model was not significantly predictive. Between 8.8 and 10.5 g Se per gram of wet egg weight, a 15% probability was observed that eggs would exhibit each of these effects, based on probit analysis. In contrast, an association between the occurrence of deformities and Se concentrations in eggs was not evident for brook trout (Fig. 3) . It should be noted that deformities could not be assessed in the offspring of one rainbow trout from the Gregg River and one brook trout from Cold Creek because of complete mortality in the first case and a lack of Se analysis of eggs in the latter.
DISCUSSION
Elevated levels of Se were found in the tissues of two salmonid species captured downstream from coal mining activity in the northeastern slopes region of Alberta. The levels of Se in the eggs of fish captured at the high-Se-exposure site exceeded the toxic effect threshold of 10 g/g (dry wt) in eggs [1] . However, only Se concentrations in the muscle of brook trout exceeded Lemly's recommended threshold of 8 g/g (dry wt) specific to the tissue to avoid toxic effects. Despite elevated concentrations of Se in their tissues, adult rainbow and brook trout did not show histopathological lesions typically associated with Se in the gill, liver, or kidney (R.E. Evans, unpublished observation).
Histopathological effects of Se can include hematological changes as well as gill, liver, kidney, and ovary damage as described in redear sunfish with liver concentrations of 7.5 g Se/g (wet-wt calculation) [16] and green sunfish with muscle concentrations of 13 g Se/g (wet-wt calculation) [17] . In light of these findings, examinations of the differences in species susceptibility of adults to Se-induced tissue damage in adult fish warrant further consideration.
Rainbow trout and brook trout consistently had higher con-centrations of Se in their eggs than in muscle tissue, similar to the pattern of accumulation observed for cutthroat trout [5] , largemouth bass, and bluegill sunfish [18] . Selenium concentrations in the eggs of both species also showed a strong relationship with Se concentrations in muscle, suggesting that maternal transfer of Se is efficient in both brook trout and rainbow trout. A similar relationship between Se concentrations in muscle and eggs has been reported for razorback suckers [19] and cutthroat trout [5] . Selenium levels in the tissues of female rainbow and brook trout in the present study were highly variable. This was true even for females collected from the same site. This variability is likely a consequence of fish mobility within the study area. For example, fish are free to move into or out of Luscar Creek via the McLeod River. This means that exposure to Se-laden waters or prey items may be intermittent. In fact, fish captured in Luscar Creek may feed at sites other than Luscar Creek that differ widely in their Se concentrations. Similarly, trout captured at the reference sites may have spent a significant portion of their feeding times at sites with elevated Se concentrations. This is one of the most important reasons that actual tissue Se concentrations must be considered in examining potential teratogenesis rather than comparisons based only on capture site.
No significant differences in fertilization or mortality were found between the Se-exposure sites and the reference sites for either species. This is consistent with results from other studies with bluegills [20, 21] , fathead minnows [22] , perch [23] , and cutthroat trout [5] . The apparent lack of response in endpoints associated with the early egg stage of development to elevated concentrations of Se could be related to the rate of consumption of the yolk [reviewed in 24] . Selenium is incorporated into the platelet components, lipovitellin, and phosvitin of the egg yolk [25] and exerts toxic effects only after it has been assimilated by the developing larval fish. Prior to hatch, the yolk is absorbed at a slow but steadily increasing rate. The rate of absorption increases rapidly right before hatch and continues at a relatively high and constant rate. During this second phase the yolk platelets are preferentially consumed over the oil globule component of the yolk. The rate of yolk consumption then slows as the platelets are depleted. Thus, although Se is present in the egg yolk throughout development, it may affect larval rather than egg development because it is mobilized to a greater degree after hatch.
Teratogenic effects observed in fish from this study were consistent with those reported for other fish species that had accumulated similar tissue burdens of Se. Gillespie and Baumann [21] reported that eggs from female bluegill sunfish captured from a Se-contaminated reservoir produced up to 100% edematous larvae at ovarian concentrations of 7.0 g/ g. Bluegills [26] and fathead minnows [27] exposed to elevated levels of Se in outdoor experimental streams had a higher incidence of edema, lordosis, and hemorrhaging. These effects were identified at Se concentrations of 4.5 to 5.9 g/g in ovaries.
A residue-response relationship between the amount of Se in eggs and the frequency of larval deformities was identified for rainbow trout in this study. All regression relationships indicate that at egg burdens near 8 to 10 g/g, 15% of skeletal deformities, craniofacial defects, and edema could be attributed to Se. Moreover, at only a slightly more elevated concentration of 12 g/g, skeletal, cranial and edema could be attributed to 30, 40, and 70% of the population, respectively. Lemly [28] reported a similar relationship between whole-body Se concentrations and the frequency of deformed centrarchid fish species inhabiting a Se-laden reservoir. Similar to the results from the rainbow trout in this study, the relationship for centrarchids also fit an exponential function (cubic model), with the point of rapid rise in deformities occurring between 10 and 12.5 g/g (wet-wt calculation). Lemly [29] found that the same mathematical relationship also held for larval centrarchids but that the critical threshold was lower, ranging from 7.5 to 10 g/g (wet-wt calculation). However, it should be noted that we have reported relationships based on concentrations of Se in eggs, while Lemly's data are based on concentrations in larvae, juveniles, and adult tissues. The regression in Figure 1 shows that a Se burden of 10g/g in the eggs of rainbow trout corresponds to approximately 1.8 g/g in muscle, a value considerably lower than those reported by Lemly. The lower thresholds obtained from these studies do not support the need for higher Se criteria in cold-water species compared to warm-water fishes [5] , reviewed in [6] .
The lack of a comparable dose response in brook trout to the one observed for rainbow trout may indicate a difference in the sensitivity of these closely related species to the effects of Se. It should also be noted that the efficiency of maternal transfer of Se to eggs from the muscle during vitellogenesis may be lower in brook trout. Although both species showed a significant correlation between Se concentration in muscle and eggs, the slope for brook trout was steeper. This means that at equal muscle burdens, brook trout accumulated lower concentrations of Se in their eggs. While rainbow trout showed a sevenfold increase in the mean egg Se concentration (9.9 g/g) over the mean muscle concentration (1.5 g/g), the mean Se burden in brook trout eggs (7.7 g/g) was only twice as high as the mean muscle burden (3.8 g/g). Reasons for these species differences in susceptibility and compartmentalization of Se are unclear.
Rainbow trout and brook trout inhabiting Se-contaminated streams downstream of coal mining activity accumulated elevated levels of Se in their eggs compared to fish from the reference sites. Significant dose-response relationships existed between the egg Se burdens and the incidence of teratogenesis in rainbow trout larvae. The threshold value, between 8 and 10 g/g, was similar to those reported in previous studies for warm-water species inhabiting lentic waters. No such relationships were found for brook trout, indicating a potential difference in species-specific sensitivity of salmonids to Se. The significance that Se-induced terata will ultimately have on the natural populations of salmonids requires further examination.
